mouse CerS5 and CerS6 were purchased from GeneArt (Germany) as yeast codon optimized open reading frames, subcloned for expression under control of a TDH3 promoter and inserted into the genome to construct stable cell lines. Sequences are available upon request.
For CerS assay in vivo and in vitro, strains RH2888, RH6974, and RH6975 were grown in rich medium to a fi nal concentration of 1 OD 600 /ml. Rich medium (20 g/l glucose, 20 g/l peptone, and 10 g/l yeast extract with adenine, uracil, and tryptophan at 40 mg/l) was used in all experiments. Aureobasidin A was purchased from Takara Shuzo (Shiga, Japan) and myriocin from Sigma (St. Louis, MO).
Pulse-chase analysis and dilution plating
Yeast strains were grown overnight in SDYE and pulse-labeled for 5 min with 35 S methionine and cysteine (Expre S; NENDupont) and chased for the indicated times in presence of methionine, cysteine, and ammonium sulfate. Cells were extracted, Gas1p immunoprecipitated, and analyzed as described ( 19 ) .
For the plating assays, yeast were grown to stationary phase and diluted to 10 7 cells per ml in water, and 10-fold serial dilutions were prepared and pinned onto agar plates containing rich medium with or without the indicated additives. Each experiment was repeated at least three times and the pictures shown are representative of the results found.
Cell culture
INS-1E cells ( 32 ) were routinely cultured in RPMI 1640 medium (Invitrogen) supplemented with 10% fetal calf serum , 1 mM sodium pyruvate, 50 M ␤ -mercaptoethanol, 2 mM glutamine, 10 mM HEPES, 100 U/ml penicillin, and 100 g/ml streptomycin. This medium contains 11.2 mM glucose; for test conditions, glucose was supplemented to 30 mM or DTT to 10 mM as appropriate.
Lipid extraction
For yeast in vivo assay, lipids were extracted from 50 ml of cells as described below. For the extraction of yeast lipids, internal standards were added to the samples [10 µg each of Cer (d18:1,17:0) and GlcCer (d18:1,8:0), Avanti Polar Lipids], which were then extracted using an ethanol-ether based solvent and base-treated with monomethylamine as described ( 35 ) . Lipids were desalted with butanol and analyzed by mass spectrometry .
Mammalian cells were scraped in 2 × 800 µl water and internal standards were added [0.5 µg of Cer (d18:1,17:0) and 0.1 µg GlcCer (d18:1,8:0)] . Three milliliters chloroform-methanol 2:1 were added to the pooled solvent, samples were sonicated for 5 min and incubated at 50°C for 30 min. One milliliter chloroform and 1 ml water were added, vortexed, and the whole extract was centrifuged at 3,200 g , 4°C for 5 min. The upper phase was discarded and lower phase was dried, base-treated, and desalted as described above.
ESI-MS analysis
For the quantifi cation of yeast and mammalian extracts, lipids were introduced into a Varian 320MS triple quadrupole in LC mode by direct infusion in methanol-chloroform-water (7/2/1, containing 2 mM ammonium acetate) ( 36 ) . To quantify lipid species, multiple ion monitoring was used for each species ( 35 ) . Data were collected from at least three independent samples with triplicate measurements. The recoveries and amounts of different inositolphosphorylceramide (IPC) species were calculated relative to the GlcCer (d18:1, 8:0) or to Cer (d18:1, 17:0) standard according to a standard curve. Results are presented as arbitrary units detected because absolute amounts could not be determined without an identical internal standard. The mass spectrometry yeast, emp24 and erv25 for instance, have been shown to induce the unfolded protein response (UPR) (23) (24) (25) .
The UPR is a pathway activated to protect cells when misfolded proteins accumulate in the ER. Many components of this signaling cascade were fi rst discovered in yeast ( 26, 27 ) . The HAC1 gene has been identifi ed as an essential transcription factor required for the activation of UPR response ( 26 ) . Genome-wide studies have identifi ed a number of proteins that are either upregulated or downregulated in cells due to the accumulation of unfolded proteins in the ER ( 28, 29 ) . This connects the activation of UPR with many other pathways than just the regulation of ER resident proteins and their refolding or degradation.
Recently, evidence has surfaced for an involvement of ceramide synthases in the activation of UPR response. The downregulation of CerS2-affected ceramide homeostasis leading to an increase in C16 ceramide levels, probably resulting from upregulation of CerS5 and CerS6 mRNAs. It also led to a series of physiological responses, including induction of UPR ( 30 ) . Other lipids have also been implicated in the induction of UPR response. The upregulation of sphingosine-1-phosphate was shown to induce UPR ( 31 ) . One mammalian cell line in which UPR and the effect of lipids have been best studied is INS-1E cells. These rat insulinoma-derived cells constitute a widely used ␤ -cell surrogate and have been cloned into a stable cell line ( 32 ) . It has been shown that p24 proteins are required in this cell line for insulin biosynthesis and secretion ( 33 ) .
To investigate the interaction between the roles of ceramide and p24 proteins in GPI-anchored protein transport, we created a double mutant, emp24 lcb1-100 , and analyzed its phenotype. We expected to see a defect equivalent to the more severe of the two mutants, lcb1-100 . Surprisingly, this was not the case; rather, emp24 seemed to suppress the defect of the lcb1-100 mutation. The mechanistic explanation for this uncovers a novel connection between UPR induction and ceramide synthesis that seems to be conserved in INS-1E insulinoma cells.
MATERIAL AND METHODS

Strains and reagents
The strains used in this study were the following: RH2888 ( MATa his3 leu2 lys2 trp1 ura3 can1 bar1 ), which corresponds to our lab background wild-type, RH3948 ( MATa lcb1-100 his4 leu2 lys2 ura3 ), RH3949 ( MATa lcb1-100 emp24 ⌬ ::KanMx his4 leu2 lys2 ura3 ), RH3950 ( MAT ␣ emp24 ⌬ ::KanMx his4 leu2 lys2 ura3 ), RH7307 ( MATa hac1 ⌬ ::KanMx his3 leu2 trp1 ura3 ), RH7333 ( MATa lcb1-100 hac1 ⌬ ::KanMx his3 leu2 ura3 bar1 ), RH6974 (MAT ␣ TDH3::FLAG-MmCerS5::TRP1 lac1 ⌬ ::ADE2 lag1 ⌬ ::HIS3 leu2 ura3 lys2 can1 bar1 ), and RH6975 ( MATa TDH3::FLAGMmCerS6::TRP1 lac1 ⌬ ::ADE2 lag1 ⌬ ::HIS3 leu2 ura3 lys2 can1 bar1 ). The wild-type strain corresponding to the cbr1 ⌬ ::KanMx mutation is BY4741 ( MATa his3 ⌬ 1 leu2 ⌬ 0 met15 ⌬ 0 ura3 ⌬ 0 ) and the mutant strain was made by the Saccharomyces cerevisiae . deletion consortium ( 34 ) . All mutations were constructed using standard gene disruption procedures, with complete removal of open reading frames in the RH2888 strain background. Double and triple mutants were obtained by genetic crosses. Synthetic N-terminally FLAG epitope-tagged open reading frames corresponding to by guest, on November 8, 2017 www.jlr.org
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DNase I (Ambion/Applied Biosystems). RNA was converted to cDNA using SuperScript II (Invitrogen). All primers were designed using Primer Express software (Applied Biosystems). Realtime PCR was carried out on an ABI 7000 Sequence Detection system (Applied Biosystems) with the SYBR Green reagent (Roche) for quantifi cation of product fl uorescence using the standard curve method. Amplifi cations were performed in duplicate for four independent experiments and the values normalized to the housekeeping gene cyclophilin D. Test reactions were performed on DNase I treated RNA to ensure that no product was amplifi ed from contaminating genomic DNA. Gene names and primers used can be found in Table 1 .
Statistical analysis
All results are representative of at least three independent experiments. All statistical analysis was performed using Student's t test and differences between pairs were considered signifi cant for P < 0.05 (*).
RESULTS
Deletion of EMP24 partially rescues the GPI-anchored protein transport defect and growth at nonpermissive temperature of the lcb1-100 mutant As described above, mutations in either sphingolipid biosynthesis or in members of the p24 family have a strong effect on the transport of GPI-anchored proteins from the ER to the Golgi compartment ( 17, 19, 20 ) . The transport of GPIanchored proteins is slower in the emp24 mutant than in the wild-type cells but eventually reaches completion after 60 min chase. The lcb1-100 mutant has a stronger phenotype and at the end of the chase period, only 36% of the GPI-anchored protein Gas1p is matured. In order to examine a possible interaction between these two requirements, we constructed a double mutant, emp24 lcb1-100 , and measured the rate of maturation of Gas1p as a measure of transport to the Golgi compartment. We expected the transport defect to be similar to that of the lcb1-100 mutant at 37°C because it has the more severe phenotype. Surprisingly, the transport defect was virtually identical to that in the emp24 mutant ( Fig. 1A ) . The lcb1-100 allele grew normally at 30°C but the strain was unviable at 37°C. Consistent with the suppression of the GPIanchored protein traffi cking defect, the growth defect of lcb1-100 was also partially suppressed by the emp24 mutation and the double mutant grew better at 30°C than the lcb1-100 single mutant ( Fig.1B ) . The emp24 mutation was unable to suppress the growth defect of lcb1-100 at 37°C. measurements for the cbr1 mutant and corresponding wild-type were performed using a TSQ Vantage mass spectrometer equipped with an Advion Nanomate for direct infusion in positive and negative modes. First, data from the mass spectrometry measurements were converted from the proprietary formats (.xms and .raw fi les for Varian and Thermo machines, respectively) to a list of intensities for each transition. Second, signals were computed, automatically assigned to lipid species, and fi tted to standard curves to deduce their quantity (Q lip ) in the sample, knowing the quantity of standard injected before the extraction (Q std_injected ) and the quantities of each lipid and related standard as detected by the machine. Finally, for each lipid species, we combined the results from technical replicates.
In vitro assay of dihydroceramide synthase
Five milliliters of cells grown to 1 OD 600 /ml were harvested and spheroplasted as described. Supernatant was centrifuged and resuspended in 200 µl TE 10 mM Tris.HCl 1 mM EDTA (pH 7.5) with protease inhibitors and homogenized using a 20 gauge syringe. Protein concentrations were determined by Bradford (BioRad Protein Assay) according to manufacturer's protocol. Samples were quickly frozen in liquid nitrogen and kept at Ϫ 20°C. Homogenates were assayed as previously described ( 11 ) using 3H-sphinganine and C16 acyl-CoAs, in a reaction of 100 l, containing BSA. The reaction products were isolated and dihydroceramide was separated by thin layer chromatography (solvent, CHCl 3 :CH 3 OH, 100:7) and exposed to a phosphoimager screen. Images were quantifi ed using ImageQuant (PerkinElmer).
RNA extraction and quantitative RT -PCR
Total RNA was extracted from INS-1E cells with the Qiagen RNEasy Mini kit according to the manufacturer's instructions. Contaminating DNA was removed by subsequent digestion with To understand the suppression effect, we fi rst investigated whether the sphingolipid levels were affected by introduction of the emp24 mutation. We grew the single and double mutants at 30°C, divided them in two, and shifted one aliquot to 37°C for 1 h. Lipids were extracted and analyzed by ESI-MS. Strikingly, the double mutant had normal levels of sphingolipids when grown at 30°C, providing an explanation for the suppression. The lcb1-100 strain had almost no detectable t18:0/26:0 phytoceramide C (PHC-C, the major ceramide species in yeast) and t18:0/26:0 inositolphytoceramide C (IPC-C, the major inositolceramide). However, the double mutant had normal levels of both lipids when grown at 30°C and even when heat-shocked for 1 h at 37°C ( Fig. 1C ) . Fig. 1 . Deletion of EMP24 partially rescues the lcb1-100 phenotype. A: Pulse-chase analysis of the maturation of the GPI-anchored protein, Gas1p, in wild-type RH2888 (Wt), lcb1-100 cells, RH3948 ( lcb1 ), emp24 ⌬ cells, RH3950 ( emp24 ⌬ ), and double mutant cells RH3949 ( emp24 ⌬ lcb1-100 ). The precursor form (p) of Gas1p is generated in the ER and maturation (m) occurs upon arrival in the Golgi compartment. The percentage of mature form is quantifi ed. B: Serial dilutions of wild-type and mutant cells were spotted on YPD plates and incubated at the indicated temperatures for 3 days. Quantifi cation by ESI-MS of the major ceramide and IPC species produced in each strain after incubation overnight at 30°C with or without a 1 h shift to 37°C before harvesting. Asterisks indicate P < 0.05 for the pairwise combinations designated. C: Dilution series of strains were spotted as in (B) onto plates containing 0.5µg/ml of myriocin, grown at 30°C. Plates shown are representative of at least three replicates per condition. We also tested the behavior of both strains in the presence of myriocin, a compound that inhibits the activity of SPT. In the presence of sublethal concentrations of myriocin, the wild-type and double mutant grew normally whereas the lcb1-100 mutant grew poorly ( Fig. 1D ) .
Activation of the UPR pathway by addition of DTT rescues the lcb1-100 temperature sensitivity
One possible explanation for the mechanism of suppression by the emp24 ⌬ mutation is that the UPR pathway, which is also induced by the mutation, regulates the ceramide synthesis pathway, leading to an increase in SPT activity. To test this hypothesis, we plated the four strains on rich solid medium containing myriocin to inhibit SPT and added increasing amounts of the UPR inducer DTT ( 28 ) . DTT is a strong reducing agent, which prevents protein disulfi de formation. Treatment with DTT partially rescued the lcb1-100 mutant sensitivity to the sublethal dose of myriocin with DTT giving a concentration dependent improvement in growth ( Fig. 2A ) . When the effect of DTT on sphingolipids was analyzed, we found that the total amounts of PHC and IPC were increased ( Table 2 ). This increase was more prominent on lipids without a hydroxylation on the fatty acyl moiety (PHC-B and IPC-B), which are not normally found in high amounts ( Fig. 2B, C ) .
to determine whether ceramides are also induced in a mammalian cell culture system. Insulin secreting cells are prone to ER stress, as insulin must be processed and folded in the ER lumen. Disruption of protein folding, for example, with denaturing agents such as DTT, promptly induces the ER stress response. High glucose may also induce some
Deletion of HAC1 prevents DTT rescue of mutant strains
To prove that activation of the UPR was responsible for the rescue of lcb1-100 sensitivity to myriocin, we blocked UPR induction by introducing the hac1 ⌬ mutation into the lcb1-100 strain ( Fig. 3A ) . HAC1 encodes a transcription factor that is necessary to induce UPR ( 26 ) . In the hac1 ⌬ lcb1-100 strain, the addition of DTT was unable to rescue growth in the presence of sublethal doses of myriocin. Sphingolipid analysis also revealed that there was no increase in total amounts of ceramides or IPCs in the hac1 ⌬ mutant ( Table 2 ) , even though we still found a decrease in fatty acid hydroxylation in the sphingolipids, suggesting that the hydroxylation effect does not pass through the UPR pathway and might be more direct ( Fig. 3B ). In the hac1 ⌬ lcb1-100 double mutant, no ceramides were detected, a fact that can be explained by the low amounts of ceramide found in the lcb1-100 mutant and the inability to increase the IPCs due to the hac1 mutation ( Fig. 3C ) .
The specifi c increase in the amount of B forms of ceramides and sphingolipids in the presence of DTT, which did not depend upon UPR, was intriguing. We reasoned that this could be due to reduction of an essential factor that is required for fatty acid hydroxylation. In contrast to the Sur2p hydroxylase, which acts on the sphingoid base ( 37 ), the Scs7p hydroxylase, working on the fatty acid, contains a cytochrome b5 domain ( 38 ) . However, no cytochrome b reductase that is specifi c for this hydroxylation has been identifi ed. We examined the lipid profi le of a mutant in a candidate gene for this function, CBR1 , which encodes a cytochrome b5 reductase homolog ( 39 ) . The cbr1 ⌬ mutant accumulates much higher amounts of the B forms of ceramides and sphingolipids than wild-type cells ( Table 3 ) . We conclude that Cbr1p encodes a cytochrome b5 reductase that donates electrons for the hydroxylation of fatty acids in sphingolipids. A redox hydroxylation reaction is a likely candidate for inhibition by DTT and could be a trivial explanation for accumulation of B rather than C forms of sphingolipids. It is likely that there are other genes with a redundant cytochrome b5 reductase activity, which could explain why the effect of the cbr1 mutation is not complete.
In mammalian cells induction of the UPR pathway leads to an increase in C16 ceramide but not in sphingomyelin
From the experiments above, it seems clear that induction of UPR increases the production of ceramide and sphingolipids. As ceramides are important signaling molecules in mammals and are thought to play roles in many processes related to cell survival, we thought it important Amounts are given in nanomoles per 40 OD 600 units of cells. Asterisks indicate P < 0.05 relative to 0 h in the same strain. Fig. 3 . Deletion of HAC1 prevents DTT rescue of mutant strains. A: Serial dilutions of wild-type, lcb1-100 , hac1 , and lcb1-100 hac1 strains were prepared and spotted on plates as in Fig. 2 . Cells were plated on control YPD plates, with kanamycin (as a marker for hac1 deletion), and YPD plus myriocin with increasing amounts of DTT. All plates were grown at 30°C and plates shown are representative of three replicates per condition. B, C: ESI-MS identifi cation and quantifi cation of the major ceramides and IPCs of hac1 (B) and of IPCs of lcb1-100 hac1 (C) strains. Error bars represent the SD of three analyzed extracts. Ceramide and IPC species were quantifi ed by mass spectrometry and the percentage of total amounts that represent the B (non hydroxylated on the fatty acyl chain) or C (hydroxylated on the fatty acyl chain) species are shown. CerS6 gene. One of the subunits of the fi rst enzyme in sphingolipid biosynthesis, SPT was induced only by glucose and not by DTT, behaving in a similar manner to the fatty acid synthase genes.
To determine whether we could fi nd any intrinsic differences in the properties of the CerS5 and CerS6 enzymes, we expressed the two genes heterologously using a yeast system. An engineered yeast strain was constructed that had both of its endogenous ceramide synthases deleted ( lag1 ⌬ lac1 ⌬ ) and yeast codon optimized synthetic open reading frames of either mouse CerS5 and CerS6 with an additional FLAG epitope at the N-terminus, cloned behind the TDH3 promoter inserted into the yeast genome, creating stable cell lines. Lipid analysis by ESI-MS showed that both enzymes retain their specifi city in yeast and have a very strong preference for C16 fatty acids ( Fig. 6B ). Under our conditions, the CerS6-expressing strain accumulated ‫ف‬ 100 times more C16 ceramide than the CerS5 expressing strain and also much more total ceramide than the wild-type strain even though CerS5 and CerS6 protein levels are similar to each other by Western blotting ( Fig. 6A ) . Consequentially, there are also large differences in the amounts of IPC. What is striking is the extremely high activity of the CerS6 in yeast. This could be explained by a higher specifi c activity or a lack of feedback inhibition. To check this, we performed an in vitro enzyme assay on yeast homogenates from the CerS5 and CerS6 strains. The overall in vitro activity of CerS6 was at least 1,000 times higher than the activity of CerS5 because we had to use 1,000 more homogenate in the in vitro assay enzyme assay from the CerS5 strain in order to obtain signals on the phosphorimager after 3 days, with the CerS6 signal still being stronger (data not shown). Next, we titrated into the in vitro assay the reaction product, C16-dihydroceramide, or the product of the next step in mammalian cells, C16 ceramide. Only CerS6 activity was inhibited by products, not CerS5 ( Fig. 6C ) . Therefore, CerS6 has an apparently much higher specifi c activity under these conditions and this cannot be explained by a lack of feedback inhibition.
DISCUSSION
The major fi nding of this study was that ceramide levels are substantially increased upon induction of the UPR pathway in both yeast and pancreatic INS-1E cells. The initial branches of the UPR, although confl icting reports have been published (40) (41) (42) (43) . Moreover, high glucose levels have been shown to induce chronic stresses ( 44 ) . For these studies, we used the rat insulinoma INS-1E cells. This cell line was designed as a model for the study of diabetes and the induction of the insulin biosynthesis and secretory pathway ( 32, 45 ) . One can induce ER stress by a glucose overload and UPR by various reagents affecting protein folding and disulfi de formation, including DTT. Therefore, we treated the cells independently with either DTT or a high-glucose medium for 4 and 72 h respectively, and analyzed the sphingolipids of the treated and untreated cells. Treatment with either glucose or DTT caused a specifi c increase in ceramides containing palmitate as the fatty acid moiety but had a much lesser effect on other ceramide species ( Fig. 4A ) . We also did not observe any differences in the levels of sphingomyelins ( Fig. 4B ) . Therefore, the two types of ER stress inducers have in common the increase in C16-ceramide.
Gene expression during ER stress
Next, we wanted to know whether the increase in C16 ceramide was the result of the increased expression of specifi c genes or a posttranscriptional event ( 5 ). We grew INS-1E cells as above in the presence of high glucose or DTT and used RT -PCR to analyze the variation in expression of selected genes that comprise fatty acid and sphingolipid biosynthesis pathways. This included the two ceramide synthases known to be responsible for the synthesis of C16 sphingolipids, namely CerS5 and CerS6. As expected, glucose induced genes involved in fatty acid biosynthesis but not in the UPR pathway and DTT induced genes in the UPR pathway but not in fatty acid biosynthesis. Interestingly, both stimuli induced a 1.5-to 2-fold increase in expression of CerS6 mRNA ( Fig. 5 ) , suggesting that the C16 ceramide accumulation seen in both the DTT and glucose treatments could have been generated by the Fig. 4 . In mammalian cells, induction of the UPR pathway leads to an increase in C16 ceramide but not in sphingomyelin. INS-1E rat insulinoma cells were treated with either 10 mM DTT (4 h) or 30 mM glucose (72 h) and harvested for lipid extraction. Different chain-length ceramides (A) and sphingomyelins (B) were measured. Error bars represent the SD of three analyzed extracts. Asterisks indicate P < 0.05 relative to untreated control. For Cer16:1, ceramide levels measured were 500 ± 5 nmol/mg of protein in the untreated control condition. Fig. 4 and RNA was harvested for quantifi cation. Full gene names and primers can be found in Table 2 . Asterisks indicate P < 0.05 relative to untreated control.
by guest, on November 8, 2017 www.jlr.org Downloaded from of ceramide biosynthesis could be suppressed by titration of DTT, which induces UPR. The yeast model system therefore allowed us to show that activation of the UPR pathway leads to an increased viability in cells with a disrupted sphingolipid biosynthesis pathway and a resulting restoration of sphingolipid levels. Specifi c disruption of UPR activation by hac1 deletion blocked the restoration of ceramide levels and viability. In INS-1E pancreatic cells, the activation of UPR stress also led to an increase in ceramides, specifi cally those with C16 fatty acids. We were not able to determine whether disruption of the UPR pathway in INS-1E cells also blocks the induction of ceramides with C16 fatty acids because disruption of this pathway is toxic in this cell line ( 46 ) . Another stimulus that induces another type of ER stress, excess glucose in the medium, also led to an increase in C16 ceramide levels even though it did not induce the UPR pathway ( 42, 43 ) . Real-time PCR showed that the increase in C16-ceramide is coordinated with the increased expression of ceramide synthase CerS6. We analyzed the properties of the two CerS genes in yeast and found that CerS6 is substantially more active, yielding at least 100 times more ceramide in vivo and we showed that only CerS6 is feedbackinhibited in vitro in this heterologous system. The high specifi c activity of CerS6 coupled with feedback inhibition could help to explain the transient increases in ceramides that are often seen under stress conditions or other stimulation where it has been proposed to play important roles in activating direct targets in signaling ( 47, 48 ) . In contrast to our fi ndings in INS-1E cells, thapsigargin-induced ER stress was previously associated with stimulated ceramide production due to increased neutral sphingomyelinase activity in INS832/13 cells ( 49 ) . It may be speculated that the latter cells are more prone to ER stress-related ceramide production, as they, in contrast to INS-1E cells, express human insulin in addition to the two allelic rat insulins.
In most yeast strains, the major sphingolipids have a fatty acyl chain of 26 carbons with a hydroxylation at the 4 position on the sphingoid base and one on the fatty acid moiety (called t18:0/26:0 PHC-C). Low levels of sphingolipids with either 24 carbons (t18:0/24:0) or nonhydroxylated moieties (PHC-B) are also encountered. In the lcb1-100 emp24 double mutant, we observed an increase in the major species with very little change in distribution among the different species. On the other hand, whenever we stimulated UPR using DTT, we found an increase in PHC-B. This difference in lipid species found might be attributed to the inhibition of fatty acid hydroxylation by DTT. The sphingoid base hydroxylase Sur2p uses molecular oxygen and NADPH to hydroxylate the sphingoid base, whereas the redox energy is thought to come from a cytochrome b5 reductase for the fatty acid hydroxylation because the enzyme Scs7p has a cytochrome b5 domain. Consistent with this hypothesis, we have shown that the CBR1 gene encoding a cytochrome b5 reductase plays a role in fatty acid hydroxylation of sphingolipids, making it the likely target of DTT.
An increase in lipid synthesis due to induction of UPR has previously been seen and is explained as a means to proliferate the ER ( 50, 51 ) . Ceramides might also be important in discovery of the increase in ceramide synthesis came from studies of a specifi c double mutant defective in SPT and the p24 family member, Emp24p, which is required for GPI-anchored protein exit from the ER and therefore induces the UPR pathway when absent. In the single SPT mutant, ceramide levels are decreased, which leads to an accumulation of GPI-anchored proteins in the ER. In the emp24 mutant, there is a similar phenotype although it is caused by a different defect, namely the absence of the cargo adaptor. In the double mutant, the absence of Emp24p leads to an increase in ceramides that is capable of partially rescuing GPI transport. The rescue is not complete because the increase in ceramide cannot compensate for the lack of the cargo adaptor Emp24p.Therefore, the partial restoration of cell growth at 30°C is most likely not due to the correct transport of GPI-AP proteins but instead due to UPR activation and increased ceramide levels.
To provide an independent demonstration of the effects of UPR on ceramide levels, we used chemical modulators of the two pathways, myriocin and DTT. Myriocin inhibition Approximately equal amounts of CerS5 and CerS6 were expressed. B: Cells were grown as in (A) and lipids were extracted and analyzed by ESI-MS. C: The same strains were homogenized and subjected to an in vitro ceramide synthase assay with 3H-sphinganine and palmitoyl-CoA and an increasing concentration of C16 dihydroceramide or ceramide. One thousand times higher concentration of homogenate was used for the CerS5 assay and the signal was still weaker than that for CerS6.
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ER proliferation, but they also may act as regulators of signaling pathways ( 52 ) . Our study does not address the issue of where the stimulation of ceramide synthesis takes place, but a previous study has shown that activation of UPR in yeast upregulates the LCB1 mRNA ( 28 ), providing a plausible explanation for how activation of UPR can restore ceramide biosynthesis in cells with the conditionally defective lcb1-100 allele or in presence of myriocin. Recently, a novel regulation of SPT by the ORM proteins in yeast and mammalian cells has been described ( 53, 54 ) . The phosphorylation status of the ORM proteins regulates their interaction with SPT and SPT activity. It is possible that ORM protein amounts or phosphorylation status might play a role in the UPR-dependent upregulation of ceramide levels.
The induction of ceramide accumulation by the UPR is not restricted to yeast cells. Interestingly, in INS-1E cells, which have a diversity of ceramide fatty acid chain lengths, only the C16 ceramides are substantially upregulated. The upregulation correlates with the elevated expression of CerS6, a ceramide synthase that produces this ceramide species when expressed heterologously in yeast. This suggests that CerS5 and CerS6 may play different roles in INS-1E cells. CerS5, which in our assay does not seem to be feedback regulated, may account for the basal synthesis of C16-ceramides, whereas CerS6, which is induced by UPR and glucose, would provide a rapid increase in C16 ceramides that is either transient or could reach a plateau at a higher level due to product inhibition.
INS-1E cells are insulinoma cells that are models for the study of pancreatic ␤ cells and their impaired function in diabetes. Free fatty acids have been shown to induce cell death by activation of UPR ( 40 ) although not all of its components were increased during treatment ( 55 ) . Although the UPR pathway was fi rst found to be a mechanism for the cell to survive ER stress, recent evidence has shown that when cells can no longer cope with the stress that originated the response, this same pathway can promote cell death ( 56, 57 ) . We would predict that inducing UPR at the same time as providing excess palmitate, the substrate for SPT, could lead to a large overproduction of C16 ceramide and aberrant cellular signaling. If the transient increase in ceramide is an adaptive response to protect the cells from ER stress by proliferation of the ER, too much ceramide may be detrimental through activation of other signaling pathways such as apoptosis. In mammalian cells, the UPR response is more complex than in yeast. There are distinct UPR-promoting proteins termed PERK and IRE1. When PERK signaling was activated, cells stopped proliferating and became apoptotic whereas the activation of IRE1 promoted cell proliferation ( 58 ) . If this is the case, the activation of CerS6 could be either protective or apoptotic and could be an important feature in determining cell fate. Further studies will be necessary to determine which UPR activators affect ceramide synthesis. The fi nding that both glucose and UPR activate ceramide synthesis raises the possibility that combinations of glucose stress and UPR might cause an overproduction of C16 ceramide that might have a role in driving cells into apoptosis ( 59 ) . It is possible that ceramide accumulation through stress
